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Summary. This paper presents a preliminary analysis of the turbulence spectrum 
of the solar wind in the near-Sun region R < 50-Rq, obtained from interplanetary 
scintillation measurements with the Ooty Radio Telescope at 327 MHz. The results 
clearly show that the scintillation is dominated by density irregularities of size about 
100 — 500 km. The scintillation at the small-scale side of the spectrum, although 
significantly less in magnitude, has a flatter spectrum than the larger-scale domi- 
nant part. Furthermore, the spectral power contained in the flatter portion rapidly 
increases closer to the Sun. These results on the turbulence spectrum for R < 50Rq 
quantify the evidence for radial evolution of the small-scale fluctuations (< 50 km) 
generated by Alfven waves. 



1 Introduction 



The solar wind is highly variable and inhomogeneous, and exhibits fluc- 
tuations over a wide range of spatial and temporal scales. The properties 
of these fluctuations, as they move outward in the solar c orona, are con- 
trolled by the presenc e of both waves and turbulence (e.g., Coleman 19681 
Belcher fc Davisl 1971 ). However, their relative contributions t o the heating 



and acceleration of the solar wind have yet to be assessed fully (|Tu &: Marsch 
ll995llHarmon fc Coledl2005l) . 

Radio scattering and scintillation experiments measure density fluctua- 
tions, which are relat ed to the wave field, density fluctuatio ns, and mag- 
netic turbulence (e.g., Higdon 1986', Montgomery et al. 1987 ). The density 
fluctuation spectrum roughly follows a Kolmogorov power law in the spatial 
scale range 100 — 1000 km, at distances well outside the solar wind accel- 
crati on region. However, nea rer to the Sun the spectrum tends to be flat 
(e.g., Woo k. Armstrong] 19791 ). The spectrum of the high-speed streams from 
coronal holes is steeper than Kolmo gorov decay, which is attribute d to dissi- 
pation at scales above 100 km (e.g., Manoharan et al. 1994. 2000). There is 
considerable interest to understand the radial change of the fluctuations due 
to both waves and turbulence in the solar wind acceleration region. In this 
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study, spectral features are analysed over a range of distances from the Sun 
using interplanetary sc intillation measurem ents made with the Ooty Radio 
Telescope at 327 MHz (|Swarup et alJll97lh . 
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Fig. 1. Average scintillation index against heliocentric distance observed at 
327 MHz. Radio quasars 1148-001 and 0138+136 have equivalent angular diame- 
ters of about 15 and 50 milli-arcsec, respectively. 



2 Interplanetary scintillation 



Interplanetary scintillation (IPS) is the variability of distant compact radio 
source (e.g., a quasar or a radio galaxy) cau sed by microturbulence in the solar 



wind of spatial scales 10 to 1000 km fe.g.. iManoharan et al.lll994l ). Scintilla- 
tion measurements normally refer to the instantaneous departure of intensity 
(SI(t)) from the mean intensity of the source ((/}), i.e., 8I(t) — I(t) — (I). 
Since the irregularities are convected by the solar wind, the statistical fluc- 
tuations of SI(t) can be used to estimate the speed and turbulence spectrum 
of the solar wind, integrated along the line of sight to the radio source. How- 
ever, for a given line of sight, the spectrum of scintillation drops rapidly with 
distance from the Sun, C^(R) ~ i? -4 , and the scattering is therefore concen- 
trated where the line-of-sight is closest to the Sun. The shape of the turbulence 
spectrum can be inferred from the temporal IPS spectrum, obtained by taking 
the Fourier transformation of intensity time series. The rms intensity variation 

1/2 

(<5/(i) 2 ) is the integral of the power spectrum. The scintillation index, m, 
is estimated by 



in 



P(f)df, 



(1) 
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where f c is the cutoff frequency of the spectrum at which the scintillation 
equals the noise level. The systematic radial variation of C^(R) can be ob- 
tained from the index versus distance (m — R) plots as in Fig. [1] These 
smoothed plots represent average scintillations obs erved over several years 
for two well-known radio quasars ( Manoharanll2008T ) . 

At given heliocentric distance, a compact source scintillates more than 
an extended one, because Fresnel filtering plays a key role in producing the 
intensity fluctuations and the scintillation is heavily attenuated by a large 
angular size > a/A/Z, where A is the wavelength of observation and Z is 
the distance to the scattering screen. The observations reported in this study 
have been made with the Ooty Radio Telescope (ORT), which operates at 
A=0.92 m. In the case of near-Sun IPS measurements, the scattering medium 
is located at about 1 AU and therefore sources having angular size > 
500 milli-arcsec do not scintillate. 
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Fig. 2. Sample temporal power spectra of 0138+136 on log-linear scale, showing 
spectral shape variations with distance from the Sun. The date and time of obser- 
vation and the heliocentric distance (R) are specified. These observations have been 
made at the eastern limb of the Sun so that the source approaches the Sun with 
increasing day number. 



Figure Q] shows that as the Sun is approached, the scintillation increases 
to a peak value at a d istance of R w AO R^, and then decreases for further 
closer solar offsets (e.g., ManoharanT l 993) . where 1 solar radius is Rq = 6.96 x 
10 5 km. The peak or transition distance, R rs 40i?o, is the characteristic of IPS 
measurement at A=0.92 m. It is a function of obser ving wavelength and moves 
close to the Sun with decreasing wavelength (e.g., Coled 1978 . Kolosov et al. 
1982). At R < 4Oi?0, the scintillation index of an ideal point source saturates 
at m w 1. In the weak-scattering region with R > AORq, the decline in 
scintillation corresponds to a fall of turbulence approximately as 1/R 2 . The 



4 P.K. Manoharan 



shape of the temporal spectrum of the intensity fluctuations, P(f), is linearly 
related to the spatial turbulence spectrum, < ft N „(q), which can be obtained by 
fitting the measured scintilla tion spectrum ( Manoharan &: Ananthakrishnanl 
ll99d[Manoharan et al . 1994). The turbulence spectrum is given by the power- 
law form <I>N c {q) ~ q~ a , with the power index a varying between 3 and 3.8, 
depending on the solar-wind source location on the Sun. The spatial spectrum 
also includes Gaussian cutoffs at high spatial wavenumber q, set by the source- 
size visibility and the inner (dissipation) scale of the solar wind turbulence. 



3 Scintillation spectrum near the Sun 

In the strong-scattering region with R < 40i?©, the turbulence is too intense 
and the relationship between the scintillation index and C^(R) takes a com- 
plex form. The decrease in scintillation is due to the smearing of scintillation 
caused by the angular size of the radio source. In a physical sense, many 
independent random secondary sources exist inside the Fresnel zone, reduce 
the coherence, and cause reduction of the intensity fluctuations. However, the 
strong-scintillation spectrum is wider than the weak case, and contains in- 
formation on a large range of turbulence scales. The present study reports a 
systematic analysis of intensity scintillation measurements of compact radio 
sources (<9 « 50 milli-arcsec) made with the ORT at 327 MHz. It allows to 
probe the solar wind from about 10 to 25Oi?0. The closest solar offset is mainly 
limited by the ORT beam width. Figures [2] and [3] display temporal scintillation 
spectra of radio quasars 0138+136 and 0202+149, observed at different solar 
offsets during April 2008. The sampling rate, 50 Hz, employed in the present 
study in principle extends the temporal frequency range of the spectrum to 
25 Hz, which allows to infer the statistics of even small-scale turbulence. For 
example, for a typical value of the solar wind speed V, the spectrum can 
cover spatial wavenumbers in the range 0.002 < q = {2irf /V) < 0.2 km -1 , 
corresponding to scales in the range 5 to 500 km. 

Nearer to the Sun the spectrum broadens, suggesting systematic increase 
in turbulence associated with small-scale irregularity structures (< 100 km). 
The flattening of the spectrum at R < 40i?© indicates addition of small-scale 
turbulence. The remarkable change is that the high-frequency part of the spec- 
trum gradually extends into the low-frequency part at distances closer than 
the transition point (R < AORq). The diminishing of spectral power at scales 
close to the Fresnel radius suggests the possibility of dominant effect of Fres- 
nel filter, which can smear the scintillation. At R > 40i?o, the low- frequency 
part of the spectrum gradually steepens and merges with the slope of the 
density turbulence spectrum at scales smaller than the Fresnel radius. When 
a large number of spectra on a given radio source, observed on consecutive 
days over a period of 45 days, are displayed in movie mode this gives a direct 
visualization, making the above results immediately apparent. 



Evolution of Near-Sun Solar Wind Turbulence 5 



0202+149 



-20 



t 12042008 17:03 
A R=44 R Q 


V 16042008 16:48 V 
\ R=30 R 


: 18042008 09:31 
\ R=24 R 








- 19042008 16:27 
\ R=20 R e 


- 20042008 10:05 
V R=17 R o 


- 25042008 16:16 
R=10 R 









]| 1 1 1 1 1| 1 1 1 1 1| 1 1 1 L_ 

10 20 10 20 10 20 



Temporal Frequency (Hz) 
Fig. 3. Same as Fig.d for radio source 0202+149. 



4 Radial evolution of small- and large-scale turbulence 

Figure 2] shows the power of turbulence associated with the low- and high- 
frequency portions of the spectrum at different solar offsets for radio sources 
0138+136 and 0202+149. These plots illustrate the attenuation and enhance- 
ment of the scintillations, respectively, for the large-scale (> 100 km) and 
the small-scale (< 100 km) spectral regions and their radial variations. For 
most of the temporal spectra, the slope change from high- to low-frequency 
part is apparent, and whenever the spectrum monotonously increases towards 
the low frequency part, the half-value of the cutoff frequency (i.e., / c /2) is 
considered to mark the separation of the scintillation between the low- and 
high-frequency parts. 

It is obvious that the turbulence density associated with the low-frequency 
part is dominant at all heliocentric distances and that it closely follows 
the shape of the overall scintillation index versus distance curve (Fig. [1]). 
Manoharan] (| 19931 ) has shown that the scintillation variation at R > 40-R© is of 
power-law form, with m ~ R~P and (3 = 1.7±0.2. When the integration is ac- 
counted for, the scattering power changes as C^(R) ~ R-( 2 t 3 + 1 ) = R~ 4A±0A . 
The scintillation in the low-frequency part of the spectrum is consistent with 
the above radial evolution. However, in the high-frequency part, the scintilla- 
tion increases with decreasing solar offsets and tends to merge with the above 
portion. In the distance range R = 15 — lOOi?0, the scintillation due to the 
high-frequency part follows the power-law mhi g h_frcq ~ R~ b - Both sources 
show similar slopes b w 2.0 and 2.3. However, the average radial trend is 
much steeper, with C^ hiBh fc (-R) ~ R-( 2b + l ) = _R- 5 - 3 , than the density tur- 
bulence slope ~ i?~ 4 . The turbulence associated with small-scale fluctuations 
(< 50 km) in the solar wind acceleration region steeply increases towards the 
Sun. 
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The strong scintillation spectra of selected radio sources observed at Ooty 
have also been compared with same-day observations at higher observing fre- 
quencies, for which the measurements fall in the weak scintillation regime. 
For example, IPS measurements with the Giant Metrewave Radio Telescope 
(GMRT) at 610 MHz (Manoharan et al., in preparation) and the European 
Incoherent Scatter (EISCAT) system at 931 MHz (R.A. Fallows, private com- 
munication) reveal spectral features that are closely similar to that observed 
with the ORT at low and high temporal frequencies. The contributions of low 
and high spatial scales of the scintillation spectrum are not altered in the 
transition from strong to weak scintillation. 



5 Discussion and conclusion 

Several IPS experiments have shown the turbulence spectrum to be ^n ~ 
q~ a , with the dissipative scale (i.e., inner scale or cutoff scale) size in- 
creasing linearly with distance as l\ ~ (-R/i?^) 1 ^ 01 km at R < l OORp, 
(jManoharan et al.|[l987l IColes fc Harmon|[l989l . iManoharan et al.lll994l) . Fur- 



ther, a flatter spectrum (a < 3) and smaller dissipative scales (Z ; < 10 km) 
have been observed in th e near-Sun solar wind a c celeration region (R<20Rq) 
(| Coles fc Harmon! Il989l lYakovlev et~aH Il980l lYamauchi et al. | 119981 ). The 



present result of flatter spectrum for the low- frequency part, which at larger 
distances merges with the density turbulence spectrum, is consistent with the 
earlier findings. 

The effects of the angular structure of the radio source and of inner-scale 
turbulence dissipation are three-dimcnsionally Gaus sian in shape, and tend 



to attenuate the high-frequency tail of the spectrum (Ma noharan et al.lll987 



Yamauchi et al.lll998f) . The inner-scale contribution is not significant at small 



solar offsets (it decreases and becomes small at regions close to the Sun). 
Furthermore, the effect of the angular size of the compact radio source (O « 
50 milli-arcsec) is considerably small. However, the key point is that, in the 
near-Sun regions (R < 40i?©), a significant enhancement in scintillation power 
is measured at the high-frequency portion of the spectrum, well above the 
dissipation and source-size cutoff levels. In order to show scintillation above 
these cutoffs in the tail part of the spectrum, strong fluctuations are likely to 
be present which are oriented in different directions than the radial flow of 
the solar wind. Therefore, the systematic and significant increase in power at 
the small-scale part of the spectrum suggests an active role of irregularities 
produced by magnetosonic waves in the solar wind, with multiple scale sizes 
and vector directions. The rapid radial change of the turbulence associated 
with the small-scale irregularities, CN(hi g h_froq)(^) ~ R~ 5 3 , indicates that 
the dominant contribution is due to wave-generated turbulence in the solar 
wind acceleration region. Therefore, the overall near-Sun turbulence spectrum 
can be explained by the combined effects of the smeared density turbulence 
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Fig. 4. Radial turbulence evolution in the low-frequency (filled symbols) and high- 
frequency portions (open symbols) of the spectrum. 

spectrum and the strong fluctuations generated by Alfven waves at small 
scales (< 50 km). 

In summary, this preliminary analysis of the temporal spectrum of scintil- 
lations measured in the solar wind acceleration region provides evidence that, 
apart from density turbulence, small-scale fluctuations produced by magne- 
tosonic waves plays a key role in shaping the spectrum. In comparison with 
the density turbulence, the effect of waves is significant but its importance 
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decreases rather steeply with heliocentric distance. Its presence in the solar 
wind extends outside the acceleration region (i? > 20_Rq), although weaker in 
intensity. A more rigorous study of the small-scale microturbulence, its vari- 
ation with the solar cycle and solar source regions will be reported in more 
detail elsewhere. 
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